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Development of better therapies for the T cell–mediated autoimmune disease alopecia areata (AA) could be
expedited by an improved understanding of the immunologic signals underlying its pathogenesis. To approach
this, our group is mounting a new technological and analytical platform, multiplex immunoprecipitation detected
by flow cytometry (MIF). MIF is designed to allow analysis of collections of protein–protein interactions that
participate in T cell signaling webs. Early experiments suggest that MIF can detect the increased protein–protein
interaction network activity that occurs under conditions of T cell antigenic stimulation. Future experiments will
focus on application of MIF to T cells isolated from AA or control patient samples, to identify critical T cell
signaling complexes associated with the disorder.
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INTRODUCTION
A means to change the function of T cells in alopecia areata (AA)
to promote immunological tolerance could be an effective
strategy to significantly ameliorate the autoimmune condition.
Along these lines, some antigens induce a type of TCR signaling
that can produce a protolerance response, even from T cells that
have previously participated in proimmune signaling and effector
function (Sloan-Lancaster and Allen, 1996). This unique pro-
tolerance TCR signal is capable of inducing tolerance in the
context of allogeneic skin transplants in mice (Chen et al., 2004).
In the skin graft experiments, tolerized T cells adopted a
regulatory phenotype, expressing dominant inhibition of anti-
graft immune responses and preserving the life of the
transplanted skin. Thus, it is conceivable that protolerance TCR
signaling might be harnessed to tolerize AA-causing T cells in the
skin, in a manner that could be clinically beneficial for patients.
One of our goals is to dissect the biochemical TCR signals
that are proimmune versus protolerance. The underlying
hypothesis is that although the autoantigens and TCRs that
mediate T cell pathogenic activation in AA may be hetero-
geneous, the resulting biochemical signals that dictate proim-
mune versus protolerant responses may be homogeneous. If
correct, these downstream biochemical signals may reveal
specific protein complexes that might be targeted pharmaco-
logically to favor T cell tolerance. To begin in this direction,
the data below describes the use of the new multiplex
immunoprecipitation detected by flow cytometry (MIF) plat-
form to observe proximal TCR signaling from protein com-
plexes isolated from primary human T cells.
RESULTS AND DISCUSSION
Immunoprecipitation detected by flow cytometry
Immunoprecipitation detected by flow cytometry (IP-FCM) is
designed to measure the extent to which proteins are present
in shared complexes. Immunoprecipitating Abs are covalently
coupled to polystyrene latex microspheres that are used to
capture a specific protein (primary analyte) in its native
conformation from cell lysates (Figure 1a). After washing, the
captured proteins are probed with a fluorochrome-conjugated
Ab that is specific for a coassociated protein (secondary
analyte) in shared complexes with the primary analyte
(Figure 1a). Fluorescence intensity of probed analytes is
determined by FCM, producing semiquantitative, relative data
spanning a wide assay range over a log scale.
Multiplex IP-FCM
MIF extends IP-FCM to multiplex microspheres, which allows
analysis of many proteins in a signaling pathway as they join
each other in complexes that transduce biochemical signals
(Figure 1b). The Luminex reader is a microsphere flow
cytometer that selectively detects and reports phycoerythrin
fluorescence. With our current instrumentation setup, 100
microsphere ‘‘classes’’ or ‘‘addresses’’ are available, each
possessing a unique proportion of 2 dyes contained within
the polystyrene material base, enabling assignment of phy-
coerythrin fluorescence output to each specific bead class. For
MIF, each microsphere class is covalently conjugated to one
IP Ab, permitting the simultaneous execution of multiple,
specific IPs in a single reaction.
ORIGINAL ARTICLE
1Department of Immunology, College of Medicine, Mayo Clinic, Rochester, Minnesota, USA
Correspondence: Adam G. Schrum,, Department of Immunology, College of Medicine, Mayo Clinic, 200 First Street SW, 321a Guggenheim Building, Rochester,
Minnesota 55905, USA. E-mail: schrum.adam@mayo.edu
Abbreviations: AA, alopecia areata; FCM, flow cytometry; IP, immunoprecipitation; IP-FCM, immunoprecipitation detected by flow cytometry; MIF, multiplex
immunoprecipitation detected by flow cytometry
& 2013 The Society for Investigative Dermatology www.jidonline.org S31
Measurement of protein complexes that mediate proximal TCR
signaling in primary human T cells
Peripheral blood T cells were stimulated for 5 minutes with
anti-CD3 Ab, and following lysis of the cells, key protein
complexes that mediate proximal TCR signaling were cap-
tured and analyzed by MIF. This MIF analysis focuses on
seven players that are critical for the initiation of T cell
antigenic signaling (Figure 2a). The data provided pairwise
analysis of combinations of these proteins that inducibly
formed shared complexes in response to the brief stimulation.
As expected for this early time point, the joining of ZAP70
to the TCR/CD3 complex was one of the most prominent
inducible complexes observed (Figure 2b). A number of other
proteins were also induced into signaling complexes, with
some of the more interesting combinations presented in
Figure 2b. These early data indicate that the general scheme
of using the MIF approach to study T cell signaling in primary
human T cells appears sound. We are expanding our studies
using this system to include proimmune versus protolerant
TCR signaling, with a focus on human T cells and signals
relevant to AA.
MATERIALS AND METHODS
IP-FCM and MIF
Technical details and protocols for performance of IP-FCM (Schrum
et al., 2007, 2011; Schrum, 2009; Davis and Schrum, 2010; Smith
et al., 2012), and MIF (Bida et al., 2012) have been previously
published.
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Figure 1. Principle of immunoprecipitation detected by flow cytometry
(IP-FCM) and multiplex immunoprecipitation detected by flow cytometry
(MIF). (a) IP-FCM: IP detected by flow cytometry. IP Abs are covalently
coupled to polystyrene latex beads. When these beads are incubated with cell
lysates, the protein for which the IP Ab is specific (primary analyte, gray oval) is
captured on the beads together with coassociated proteins (secondary analytes,
blue rectangle and orange triangle). Primary and secondary analytes on the
beads can be probed with fluorochrome-conjugated Abs and analyzed by flow
cytometry. (b) MIF: multiplex IP-FCM. An IP bead set is created that includes
multiple unique bead types, each of which (i) has a unique ratio of two internal
dyes for recognition by the Luminex reader, and (ii) is covalently coupled
to a unique IP Ab. When captured protein complexes are probed with a
phycoerythrin (PE)-conjugated Ab (specific for a coassociated protein, e.g.,
the blue rectangle), IP beads that have captured the analyte score as
positive, and the relative quantity of the analyte on the beads is calculated.
The internal dye ratio allows the Luminex reader to assign all PE emissions
to each precise IP bead type from which they originated.
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Figure 2. A targeted collection of proteins whose complexes mediate
proximal TCR signaling. (a) Multiplex immunoprecipitation detected by
flow cytometry (MIF) is used to measure the extent to which seven members
of the TCR signaling pathway appear together in shared complexes upon
antigenic engagement. These include several well-characterized, proven
contributors to TCR signaling, although there are many proteins involved in
the pathway that are not depicted. The TCR/CD3 complex is depicted as a
single entity, although it is composed of multiple protein subunits. Arrows
indicate the potential for antigenic stimulation to induce the formation of
shared complexes containing the indicated proteins, although tertiary
(or multiple) other proteins not depicted may also be involved in complex
formation. To simplify the figure, only a few of multiple known possible
associations between these proteins are displayed. (b) Stimulation of human
peripheral blood T cells by plate-bound anti-CD3 Ab (5 minutes, 37 1C)
induces the formation of protein complexes along the TCR signaling pathway.
MIF detects the activity of multiple proteins joining each other in shared
complexes during the early minutes of TCR/CD3 engagement. Fold induction,
MIF readout comparing stimulated/unstimulated levels.
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Stimulation of human peripheral blood T cells
Human peripheral blood mononuclear cells were Ficoll-purified from
leukoreduction system chambers as described by Dietz et al. (2006),
in accordance with Mayo Clinic’s Institutional Review Board
regulations. T cells were purified using magnetic bead–based negative
selection T cell isolation kits (Miltenyi, Auburn, CA). Tissue culture
wells were coated overnight with 10mg/ml anti-CD3 mAb (clone
OKT3), excess Ab was washed away, and tissue culture plates were
chilled on ice. Prechilled purified human peripheral blood T cells
were added to the wells and centrifuged at 300 g for 5 minutes in a
prechilled centrifuge. Plated T cells were incubated for 5 minutes at
37 1C before lysis in ice-cold lysis buffer (1% digitonin, 50 mM Tris,
150 mM NaCl, pH 7.4, plus freshly added protease and phosphatase
inhibitors). Unstimulated T cells followed the same procedure, but in
tissue culture wells that were not coated with Ab.
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